The pathogenesis of campylobacter enteritis is not well understood, but invasion into and translocation across intestinal epithelial cells may be involved in the disease process, as demonstrated for a number of other enteric pathogens. However, the mechanisms involved in these processes are not clearly defined for campylobacters. In this study, isolates were compared quantitatively in established assays with the enterocyte-like cell line, Caco-2, to determine the extent to which intracellular invasion contributes to translocation across epithelial cell monolayers, and whether isolates vary in this respect. Ten fresh Campylobacter isolates were compared and shown to differ in invasiveness by a factor of 10-fold by following their recovery from gentamicin-treated Caco-2 cells grown on nonpermeable tissue-culture wells. Four of these isolates with contrasting invasive ability were also shown to vary in their ability to translocate across Caco-2 cells grown on semipermeable Transwell inserts by a factor > 10. However, translocation did not quantitatively correlate with the intracellular invasiveness of these isolates. Isolate no. 9752 was poorly invasive but had modest translocation ability, isolate no. 10392 was very invasive but did not translocate significantly and remained within the monolayer, isolate no. 9519 both translocated and invaded well, whereas, isolate no. 235 translocated very efficiently but was poorly invasive. Isolate no. 9519 also uniquely caused a transitory flattening of the Caco-2 cells and a possible drop in trans-epithelial electrical resistance (TEER) of the Transwell monolayers, whereas isolate no. 235 did not show these effects. Together these data demonstrate that there are significantly different 'invasion' phenotypes among Campylobacter strains involving different degrees of intracellular invasion, and either different rates of transcellular trafficking or, alternatively, paracellular trafficking.
Introduction
Enteric bacteria vary greatly in their interactions with mammalian intestinal cells in the process of causing disease in the host [l-31. Many of these pathogens have to evade the host defence system and penetrate the epithelial cell barrier to cause disease. This allows these pathogens to exert their physiopathological effects and to interact with the mucosa-associated lymphoid tissues [4] . The epithelial barrier can be infiltrated by these invasive enteropathogens by various methods of invasion or translocation, or both. Translocation involves the pathogen passing through the enterocyte cell layer to gain access to the underlying tissues. The ability to translocate in this way has been demonstrated for many enteroinvasive pathogens, electron microscopy have demonstrated C. jejuni translocating both through and between epithelial cells in culture, with C. jejuni located in junctional spaces in some instances [ l l , 121 . This suggests that both transcellular and paracellular routes are important in campylobacter invasion, but the relative importance of these different routes is not clear.
Various cell culture systems, including HEp-2 and INT407, have been used widely to study the disease mechanisms of campylobacters . However, the enterocyte-like Caco-2 cell line, derived from a human colonic carcinoma, is probably more relevant because it represents more closely the site of invasion in vivo, in both architecture and function [15] . The polarised Caco-2 cells differentiate to give distinct apical and basolateral surfaces, possessing microvilli and markers characteristic of small intestinal cells [ 161. Caco-2 cells grown on non-permeable tissue culture wells have been used previously for bacterial invasion studies [ 171 including those of Campylobacter spp.
[ 181. However, when grown on porous membranes, the Caco-2 cells probably model the columnar intestinal barrier more closely, with the cells and intercellular tight junctions separating the medium surrounding the apical surface from that surrounding the basolateral surface [16] . This model has been used to investigate epithelial cell translocation for a number of pathogens including Salmonella spp. [5] and C. jejuni [ 1 1, 181. Although previous studies have demonstrated the ability of C. jejuni to translocate across Caco-2 cell monolayers [8, 11, 191 , neither the mechanism by which campylobacters invades these cells, nor the relative contribution of paracellular translocation to epithelial penetration in these systems is completely understood. Previous studies [ 181 have demonstrated that more invasive and translocating strains may correspond to those that cause colitis and more severe disease. However, the relative importance of the different putative translocation mechanisms has not been clearly quantified. Four different possible interactions between campylobacters and epithelial cells have been proposed [ 81, including non-invasion, invasion, invasion with translocation and translocation without invasion.
In order to assess the relative importance of the different potential translocation mechanisms used by Campylobacter spp., both the translocation and the invasive abilities of isolates of the pathogen in Caco-2 cells have been compared quantitatively. In the translocation studies, changes in the trans-epithelial electrical resistance and the gross morphology of the monolayers following infection were also monitored. The data provide support for at least three quantitatively distinct modes of translocation across epithelial cell monolayers, which are dependent to very different extents on intracellular invasion and the modification of monolayer integrity and structure.
Materials and methods

Bacteria
Fresh isolates of Campylobacter spp. were provided by Professor T. Humphrey, Exeter PHL (C. jejuni: 206, 235, 9519, 9752, 10392, CH1, CH5; C. coli: 247, 799) and Dr R. Owen, CPHL, 61 Colindale Avenue, London (C. jejuni: C677). All isolates were from clinical cases of human campylobacteriosis except for CH1 and CH5 which were poultry isolates. All isolates had been minimally passaged and were subsequently maintained on bead stocks (Prolab) at -70°C. They were revived for each experiment by plating on to Columbia Blood Agar (bi-layer plates with defibrinated horse blood 10% v/v, CBA, Oxoid), which was incubated at 37°C in a C02 incubator (ASSAB, Don Whitley; 0 2 4% and C02 5%). Growth was harvested from single plates to inoculate 10-ml volumes of Cpmod4 broth [20] in 100-ml conical flasks.
Cultures were incubated at 37°C with shaking (LH orbital shaker, 150 rpm) in a continuous supply of gas containing 0 2 5% v/v in N2. After 10 h, the cultures had entered late log phase and 1 ml of each was used to inoculate 10 ml of fresh Cpmod4 broth. The flasks were returned to the incubator and growth continued for a further 12 h under the same conditions. Cells were harvested by centrifugation (MSE microfuge, 11 000 rpm, 5 min) and resuspended to an appropriate cell density in tissue culture medium (see below).
Cultured epithelial cells
Caco-2 cells were maintained in minimal essential medium (MEM) with non-essential amino acids (NEAA), glutamine and fetal calf serum (FCS) 10% v/v, without antibiotics. Cells were grown routinely in flasks at 37°C in humidified air with C02 5%. The Caco-2 cells were seeded at 2 X lo5 cells/ml into 24-well tissue culture plates (Costar, MA, USA). These were maintained for 7 days with three media changes to reach confluency, before use.
Invasion assay
The assay was based on that of Everest et al. [18] . Each well of Caco-2 cells was infected with 0.5 ml of a suspension of 1 O8 campylobacter cells/ml in MEM + NEAA + FCS 1%, as estimated by direct counts. The wells were incubated at 37°C in a C02 incubator. After 3 or 6 h the wells were treated to determine the number of intracellular bacteria. The bacterial suspension was removed and the monolayer was incubated for 2 h with MEM containing gentamicin 250 pg/ml to kill the extracellular bacteria. The monolayers were washed three times with PBS to remove the gentamicin. The intracellular bacteria were released by lysing the monolayers with ice-cold Triton X-100 1% v/v in PBS. Viable counts were then determined by serial dilutions in phosphate-buffered saline (PBS) and plating on to CBA. The viable count of the inoculum applied to the monolayers was determined and the number of intracellular bacteria was expressed as a proportion of this inoculum. Invasion assays were performed in duplicate on three separate occasions with each isolate.
Preparation of Transwell units
The assay was based on that of Finlay and Falkow [5] . Caco-2 cells were utilised between passages 8 and 14. The cells were maintained in MEM with FCS 10% v/v, NEAA and glutamine, without antibiotics. The Caco-2 cells were trypsinised and 0.5 ml of a 1 X lo5 cells/ml suspension in tissue-culture media, as determined by direct counts, was added to each Transwell insert (0.4 p m pore, 12 rnm diameter, collagen-coated polycarbonate; Costar). Each insert was placed in a well containing 1.2 ml of fresh MEM + NEAA+ FCS 1% + glutamine. The 12-well tissue culture plates were then incubated at 37°C as described above, with apical and basolateral medium changes every 3 days. The monolayers were used after incubation for 7 days, having reached confluence at 3 days.
Translocation assay
C. jejuni isolates 235, 9519, 9752 and 10392 (chosen for their contrasting invasive abilities) were grown in batch culture as described above and a population of 10' cells/ml of each was prepared in MEM + NEAA+ FCS 1% v/v, as estimated by direct counts. The basolateral medium was removed and replaced with 1.2 ml of tissue culture medium containing FCS 1% v/v in each well. An inoculum of 0.5 ml of the bacterial suspension was added to the Caco-2 cells in duplicate Transwell inserts. The plates were incubated at 37°C as described previously and Transwell inserts were removed for sampling at regular intervals. Translocation assays were performed with each isolate on three separate occasions.
QuantlJication of bacterial translocation
Samples (100 p 1) of tissue culture medium were removed from the apical and basolateral compartments. The numbers of cfu were determined by serial dilutions in PBS and plating on CBA plates. The number of C. jejuni passing through the monolayer at each time point was expressed as a proportion of the bacterial count in the upper chamber.
Measurements of trans-epithelial electrical resistance (TEER) across infected Caco-2 monolayers
The Transwell inserts were removed at specific time intervals and the TEER was measured with a Milicell-ERS apparatus (Millipore, Bedford, MA, USA) with the ' STX-type' electrode. Different Transwells were set up in duplicate and used for each time point in order to avoid damaging the monolayers by repeatedly sampling single wells. The TEER of the Transwell inserts was determined after replacement of the culture medium with PBS on both sides of the membrane. The probe legs were placed either side of the insert and each TEER value was measured in triplicate and corrected for filter area.
Before the start of each experiment, control values of the TEER were determined on representative uninfected Transwell inserts containing confluent Caco-2 cell monolayers. Control values averaged 430 SEM 10 Qcm2 (95% CI; n = 36). The TEER of the experimental wells was measured only after the required period of incubation with C. jejuni, as repeated measurements on individual wells themselves was likely to interfere with monolayer integrity and the TEER. The effect of the C. jejuni isolates on the resistance across the monolayer was determined by subtracting the control value from the experimental values recorded at each time point, giving a base-line corrected TEER for uninfected monolayers of 0 sZcm2.
Determination of intracellular invasion of the Transwell insert monolayers by C. jejuni
The number of intracellular C. jejuni within the monolayer was determined by repeating the translocation assay with the following modifications. C. jejuni isolates were applied to the monolayers as before and designated wells were sampled after 2, 4 and 6 h. The basolateral medium was replaced with fresh MEM + NEAA + FCS 1% and that in the Transwell insert with 500 ,ul of MEM+NEAA+FCS 1% containing gentamicin 250 pg/ml. The wells were returned to the incubator for a further 2 h to kill extracellular bacteria [ 14, 17, 181. After the incubation period the monolayers were washed twice with PBS, before lysis with ice-cold Triton X-100 1% in PBS. Viable counts were determined by serial dilutions in PBS and plating on to CBA. The viable count of each inoculum applied to the monolayers was also determined. Counts of intracellular bacteria were expressed as a proportion of the inoculum in each case, in order to make direct comparison with the original invasion assay data.
Examination of infected monolayers by light microscopy
Transwell inserts from some of the experimental Transwells infected with isolates nos. 235 and 9519 were removed at 2 and 6 h and fixed overnight in glutaraldehyde 2% in 0.1 M sodium phosphate buffer. Uninfected control wells were also fixed by the same process. Membranes were embedded in paraffin wax, sectioned and stained with haemotoxylin and eosin for light microscopy.
Statistical analysis
The data sets were expressed as means and SEMs were calculated. A non-parametric test, Kruskal-Wallis, was used to determine the significance of the differences in the invasion or translocation abilities between the Carnpylobacter isolates. Paired comparisons of isolates were made by the Mann-Whitney U test. A p value of <0.05 was considered significant.
\
Results
Invasiveness of Campylobacter isolates into Caco-2 cell monolayers on non-permeable supports
During the 6 h invasion assay, the proportion of the bacterial inoculum within the Caco-2 cells and protected fiom the gentamicin increased with time for all the isolates examined (Fig. 1) . The two C. coli isolates did not differ in their invasive potential when compared with the C. jejuni isolates. However, after 6 h, the isolates differed significantly from one another in their invasiveness, as determined by Kruskal-Wallis test (p = 0.002). Two groups of isolates could be discerned; one group (CH1, 799, 9519, 10392, C677, 206) was considerably more invasive than the other (CH5, 235, 247, 9752). Furthermore, the kinetics of invasion also differed between isolates, some showing a much greater proportional increase in invasion between 3 and 6 h than between 0 and 3 h (e.g., nos. 9519 and 10392). In contrast, isolate no. 206 invaded the monolayers to a higher level by 3 h.
Bacterial translocation across Caco-2 cell monolayers
The four isolates showed some slight variation in their growth in the MEM +FCS 1%, the growth rate Comparison of the isolates showed that a higher proportion of C. jejuni 235 was recovered in the lower chamber at 6 h (Fig. 2) 
Changes in TEER of infected monolayers
Infection of the polarised Caco-2 monolayers with the Carnpylobacter isolates caused some responses in the TEER across the monolayer (Fig. 3) . However, the variation within the individual data sets prevented statistically significant conclusions being drawn from the measurements. Nevertheless, one interesting trend was observed. Infection with isolate no. 9519 resulted in a rapid decline in TEER across the monolayer by 2 h, followed by recovery over the remaining 4 
Recovery of C. jejuni from within Caco-2 cells grown on permeable jlters
Higher proportions of C. jejuni isolates nos. 9519 and 10392 were recovered from within the monolayers than of isolates nos. 235 and 9752 (Fig. 4) . The difference between isolates was statistically significant by the Kruskal-Wallis test (p = 0.002). Interestingly, with the more invasive isolates (nos. 9519 and 10392) the proportion of the inoculum recovered from within the monolayers on the Transwells was 10-fold higher than that previously recovered from the monolayers grown in traditional tissue-culture wells.
Light microscopy of infected monolayers
The Caco-2 cells adhered to the permeable filters, forming confluent monolayers. The cells exhibited a closely juxtaposed columnar morphology consistent with that described for polarised epithelium (Fig. 5) , with a TEER of c. 400 Qcm2.
Infection with isolate no. 235 produced no obvious alterations in the morphology of the Caco-2 cells at 2 or 6 h. However, infection with isolate no. 9519 caused the Caco-2 cells to become flattened against the membrane of the Transwell unit at 2 h. Cytoplasmic contraction and nuclear condensation were apparent at this stage, with an overall increase in the ratio of nuclear to cytoplasm volume. By 6 h, the morphology of the monolayer had recovered to its original state. Monolayer confluency and integrity, as determined by light microscopy from the apical side, remained complete with both of the isolates throughout the assay period of 6 h (data not shown). This was supported by determinations of Caco-2 cell viability by Trypan blue staining and cell counting, which demonstrated that the proportions of viable Caco-2 cells recovered from the monolayers at each time point during infection with either isolate did not change significantly throughout.
Discussion
Campylobacters colonise the intestine following infection, before damage to epithelial cell function results in diarrhoea and, in many instances, acute inflammatory enteritis. Epithelial cell damage arises as a consequence of interactions between the pathogen and the epithelium, probably involving cell invasion or the production of toxins, or both [8, 191. A number of virulence determinants have been proposed for C. jejuni; those involved in the process of cell invasion are not fully understood, but probably involve flagella [21] .
De novo bacterial protein synthesis is also thought to be involved [ll] , but the specific protein components have not been identified. The mechanisms by which campylobacters penetrate the epithelium are also unclear [22] , but possibly involve interactions between the micro-organisms and the epithelial cells, promoting uptake by either microfilament-dependent [ 1 11 or microtubule-dependent processes [ 121, and the possible involvement of clathrin-coated pits [ 121 or caveolae, Gproteins and membrane ruffling [22] .
The extent to which particular Campylobacter isolates invade Caco-2 cells has been reported to correlate with the severity of disease in man [18] . Strains isolated from patients with colitis were found to be more invasive than strains isolated from patients with watery diarrhoea. In the present study, the Campylobacter isolates also differed significantly in their invasiveness and in their kinetics of cell invasion, roughly dividing into two groups, one more invasive than the other.
C. jejuni isolates have also been shown previously to possess the capacity to translocate across polarised Caco-2 monolayers [8, 11, 181. In separate electron microscopy studies, they have also been shown to gain access to junctional spaces between INT407 cells 1121.
Correlations between the invasive ability of Campylobacter isolates and their potential to translocate across epithelial cell monolayers have resulted from these studies, but comparative quantitative and kinetic data have been lacking. The relative contribution of cell invasion to monolayer translocation is, therefore, unclear.
The present study compared and contrasted the ability of C. jejuni isolates to translocate across polarised epithelial membranes with their ability to invade the same cell line. Four isolates with contrasting invasiveness were chosen. They varied significantly in their ability to translocate, but this did not correlate with their invasive ability.
All the C. jejuni isolates were detected in the lower chamber after incubation for 1 h, as reported by Konkel et al. [ll] , and continued to translocate for up to 6 h as noted previously by Ketley [8] . Isolate no. 235 was found to be the most effective translocator, although it was identified in the earlier experiment as having poor invasive ability. Another poor invader, isolate no. 9752, showed only a modest ability to translocate. Interestingly, the highly invasive isolate no. 10392 was found to be a particularly poorly translocating strain, whilst isolate no. [6] .
In contrast, isolate no. 235 caused no consistent changes in TEER or cell morphology. A similar lack of damage following infection with another C. jejuni isolate, M129, was reported in a previous study [ 
111.
It seems likely that isolate no. 235 translocated across the epithelial cell monolayers due to movement through the tight junctions, i.e., a paracellular route, or alternatively a more efficient intracellular pathway involving less disruption to the cytoskeleton. The relative lack of a fall in the TEER with this isolate also indicates that the integrity of the monolayers was not compromised significantly. If translocation was by paracellular passage in this case it may have involved the resealing of the tight junctions following the transit of the organism. This phenomenon has been reported previously for Salmonella typhimurium [24] and has been suggested also to be the case for C. jejuni M129 [ 1 11 . If the alternative of a more efficient intracellular pathway was involved with this isolate then a lower level of disruption of the cytoskeleton may similarly be responsible for the relative lack of a fall in TEER. In summary, this study confirmed that isolates of C. jejuni differ significantly in their interactions with epithelial cells both in terms of their ability to invade Caco-2 cells on solid supports and to translocate across polarised Caco-2 monolayers supported on semi-permeable membranes. By comparing these two attributes carefully with four contrasting isolates it has been shown for the first time that invasiveness does not correlate quantitatively with epithelial translocation for this pathogen. This provides further evidence for the proposition that the invasiveness of phenotypes of C. jejuni may differ significantly and possibly involve different extents of paracellular or intracellular penetration, or translocation mechanisms that differ in their efficiency. This is further suggested by the fact that two of the isolates differed in their effects on the morphology and TEER of the monolayers. This is the first report of any change in these parameters being caused by C. jejuni. It will be interesting to study these different invasion phenotypes of C. jejuni further, as they are likely to contribute to different disease manifestations in the host.
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